Single crystals of the inclusion compounds formed between long-chain alkyl esters and urea were x irradi ated at room temperature, and the free radicals produced were investigated by electron spin resonance. The 11 esters studied were diethyl adipate and the methyl, ethyl, hexyl, and octyl esters of monocarboxylic acids. The long-lived free radicals observed in all of these compounds are of the type RCHaCHCOOR'. These are ir-electron radicals with the unpaired electron largely localized on one carbon 2p orbital. The coupling constants of the alcohol protons (R') were resolved in the spectra of several radicals and the values ranged from 3 to 6 Mc/sec. The ester radicals undergo motion in the tubular cavities formed by the urea molecules of the crystal, and this affects the magnitudes of the proton coupling constants. The de pendence of the a-and /3-proton coupling constants on this motion is briefly considered. From the ethyl heptanoate radical ESR data, recorded over the range of 352°to 7°±3°K, and from the room-temperature ESR data of all eleven ester radicals, information is obtained regarding the motions and orientations of the ester radicals. In addition, two carboxylic-acid-urea inclusion compounds were investigated, and the orientations and motions of the well-known radicals produced in these systems (RCH2CHCOOH) are compared to those of the ester radicals. Approximate equations are given which relate the observed a-proton coupling constants and spectroscopic splitting factors to the diagonal elements of the a-proton tensors and g tensors of all radicals investigated.
INTRODUCTION
THE inclusion compounds formed between urea and the n hydrocarbons or their derivatives have 'been extensively studied.1-4 Crystallographic data have been reported on the crystals formed between urea and acids, alcohols, halides, ethers, and several n hydro carbons. By comparing x-ray powder diffraction pat terns, it has been concluded that all of these systems have similar hexagonal crystal structures.5'6 Further more, Smith7 has completed a detailed crystallographic investigation of the w-hexadecane-urea compound.
Long crystals, hexagonal in cross section, were formed by the addition of hexadecane to a solution containing urea and isopropyl alcohol. The unit cell is hexagonal (a0= 8.230 A and c0= 11.005 A), and there are six urea molecules per unit cell. The hexadecane mole cules are in an extended planar zigzag configuration with their long axes parallel to the c axis, and are enclosed in tubular cavities formed by spirals of hy-3W. Schlenk, Jr., Fortsch. Chem. Forsch. 2, 92 (1951). 4Other terms often used to describe these crystals are occlusion compounds, adducts, complexes, and canal complexes. The nomenclature is somewhat unfortunate as these systems are neither compounds nor complexes. They are simply crystalline structures in which one of the components fits into cavities formed by the other. There exist no chemical bonds between the two components (other than perhaps hydrogen bonds). drogen-bonded urea molecules. The time-average posi tions of the plane of the hydrocarbon molecules are either perpendicular to the a axis, or are at multiples of 60°to this position. The view along the c axis of a long-chain hydrocarbon-urea compound is given in Fig. 1 .
In addition to the crystallographic work, dielectric absorption8 and nuclear magnetic resonance9 investi gations of several urea inclusion compounds have been reported. Results from all of these investigations sup port the conclusion that the hydrocarbon molecules (or their derivatives) fit only loosely in the tubular cavities, and thus may undergo a large degree of mo lecular motion.
Because of the simplifying effects of ordered struc ture and molecular motion, these compounds provide a convenient medium for electron spin resonance (ESR) studies of certain x-ray-produced free radicals. A preliminary account of this technique has been pub lished.10 In this paper we are concerned with the iden tification, orientation, and molecular motion of the free radicals produced by the x irradiation of the ester-urea crystals.
PROTON COUPLING CONSTANTS
Apparently, no crystal-structure data have been pub lished on the compounds formed between urea and the straight-chain ester molecules. However, considering the data reported above, it is highly plausible that these compounds have hexagonal crystal structures. 48, 1877 (1962) . 1093 
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Here we assume this to be the case, and later provide ESR data supporting this assumption. Anticipating the experimental results, we assume that the only stable radical formed is the one obtained by removal of one of the a protons11 from the ester molecule. Therefore we have a model in which there are six orientations of one radical. As in the case of the hexadecane-urea crystal, the esters are taken to be in an extended all-trans configuration with the time-average position of the plane containing the carbon atoms perpendicular to the tubular axis. The six orientations are related by the sixfold symmetry axis of the tubular cavity. 12 The ester radical is expected to be very similar in electronic structure to the extensively studied radical RCH2CHC02Hformed by the x irradiation of aliphatic dicarboxylic acids.13-15 Therefore, as in the acid case, the spin density is largely localized on the tt orbital of Carbon Atom 2 and the problem becomes primarily one involving two isotropic /3 protons and one aniso tropic a proton. The coupling constants of both a and |3protons have been investigated in detail by McConnell and co-workers13,16-18 and by others.14,15 We briefly con sider here the aspects of the dependence of the a-and /3-proton coupling constants on the motion and orien tations encountered in the experimental work reported below (as represented by the above model). The six possible orientations of the radical have a negligible effect on the coupling constants of the /3 protons, but 11 The convention for the labeling of protons (or, /3, 7, £) and carbon atoms (Ci, C2, C3) used here is 7 fi a o r R-CH2-CH2-CH2-C-0-CH2-R'.
C3 C2 Ci
12 The choice of the number of orientations of the ester radicals needs to be qualified. For the purpose of this footnote, the carbon nuclei are assumed to be in a planar zigzag conformation. There fore, there are presumably 12 orientations; the six mentioned above, and six more related to the first six by twofold rotations about the c axis. Even more orientations may exist if the ester molecules stack in a head-to-head fashion in the tubular cavities, rather than in a head-to-tail fashion. In any case, if we assume that the molecular x' and z' axes lie in the crystalline xy plane there are only three magnetically distinguishable orientations (see Fig 2 for the definitions of the axes). We refer to the exist ence of six orientations rather than to three (or some other number) to emphasize the hexagonal structure of the crystal. Of course, the lengths of the hydrocarbon derivatives are not integral multiples of the urea spiral repeat distance (except by accident) As pointed out by Smith,7 this causes a one-dimensional disorder along the c axis of the crystal. However, all orientations may be obtained from the above-mentioned orientations by simple trans lations along the c axis, and therefore the disorder does not affect the ESR spectra, proving the carbon nuclei are in a planar zigzag configuration. are important to the discussion of the a-proton cou pling constants.
0-Proton Coupling Constants
Theoretical studies19-21 suggest that the isotropic coupling constants of the 0 protons, a», are related to the spin density in the px> orbital on Carbon Atom 2, pcT, by the linear equation
Heller and McConnell13'22 have suggested that R(d) be approximated by the relation
where 0 is the angle between the axis of the px> orbital on C2 and the projection of the C3-H<j bond onto a plane which is perpendicular to the C2-C3 bond.
For radicals containing two 13 protons attached to the same carbon atom, the two values of 60 are 30°T7 or 60OrF7, depending on the conformation of the mole cule. Equation (2) then becomes or Ri,z{d)=B°cos2Wry),
RiA6)=B°cos2(60=F7). (3) (4;
The upper and lower signs refer to the positions of Protons 1 and 2, respectively, and 7 is called the angle of twist (Fig. 2) . In the special case that 7=0, the two protons will have identical coupling constants. Equation (2) has been justified by valence-bond the ory,21 and Eqs. (2) and (3) have been used in numer ous experimental studies of free radicals containing /3 protons. [13] [14] [15] If the /3 protons undergo motion with respect to the axis of the px> orbital, R{6) must be replaced by an 22 The actual relation suggested by Heller and McConnell is R(B) =A0+B<> cos20. As noted by these authors, the constant A" is expected to be zero on theoretical grounds.21'23 A" is found to be negligible within the limits of experimental error for the radicals discussed here. (For example, assume that either 5°(CH2) = £°(CH3) or that the ethyl heptanoate radical at 298°K is under going complete averaging of the 0-proton positions with respect to thea proton. One may then solve the three equations involving the completely averaged room-temperature /3-proton data and the 7°±3°K ethyl heptanoate radical datafor the three unknowns average value (R(6)). For example, if all values of 0 are equally likely (e.g., free rotation about the C2-C3 bond) and the frequency associated with the motion is large compared to the hyperfine frequency,24 then
In general, the values of 0 will not all be equally likely, and the probability density function describing the motion must be determined in order to evaluate (R(0) ). Stone and Maki26 have used the harmonic oscillator and free-rotor approximations to evaluate (R(8)). Several other authors have also considered the effects of molecular motion on /3-proton coupling constants.27-29 24 This is perhaps too stringent a requirement on the frequency of the motion. Arguments based on rapidly fluctuating magnetic environments26 suggest that the criterion is that the frequency of the motion should be large compared to the difference in the hyperfine frequencies considered. This argument applies to the a-as well as to the /3-proton hyperfine interactions. This dis tinction does not affect significantly our qualitative arguments involving the motion of the protons. In the case of the ester-urea crystals, the urea mole cules restrict the internal motion of the ester molecules and create an essentially infinite barrier to complete rotation about the C2-C3 bonds. However, restricted motion about the C2-C3 bond is allowed. It is reason able to assume this motion occurs about some equi librium position described by the angle 0=0o-The effects of motion may then be readily estimated as suming various probability distribution functions.
If the motion is taken to be constrained between the extreme values of 0o±a, and all angles between the extreme values are assumed to be equally prob able, then by direct integration of Eq. (2) one obtains
Or, if the motion is described as a simple harmonic oscillation between 0o+a and 0O-a, then from Eq. (2) and the probability distribution function for a classical harmonic oscillator one obtains (R(6) )/B°=i+(cos%-i) M2a),
wher.e Jo(2a) is a Bessel's function of the first kind. Finally, the motion could be approximated by a quantum mechanical harmonic oscillator. Assuming The limiting behavior (for small a or low tempera tures) of Eqs. (5)-(7) are qualitatively the same. The dependence of (R(6)) on the motion in all three of these equations is of the form <ic(0)>/£°=4-r-(cos20o-i)F, (9) where F depends on the motion. This same algebraic form is obtained with any potential function which is symmetric about the equilibrium position 0O. The approximate spin Hamiltonian for a system of one proton (I) interacting with one electron (S) in a 30 It is difficult to estimate the correction term. However, the quantity G must approach zero as the amplitudes of oscillation become small. For large-amplitude oscillations the motion will be complex, and one mustdecide to whatextentthe resultant motion may be described as a symmetric movement about an equilibrium position. For very large oscillations (e.g., >90°) one expects qualitatively that the values of the /3-proton coupling constants would be nearly independent of the angle of twist. In other words, the effect of the B and G terms of Eq. (10a) are expected to be come negligible with respect to B°/2, and thus Eq. (10a) should approach Eq. (5). Thisis experimentally observed to be the case for the ethyl heptanoate radical motion. We will proceed to use equations based on Eqs. (10a), but it should be remembered that we are only attempting to estimate the effects Of complex motion on the /3-proton coupling constants qualitatively. /3 is the electronic Bohr magneton; g is the spectro scopic splitting factor tensor; and A, B, C are the diagonal elements of the a-proton nuclear hyperfine coupling constant tensor. The nuclear Zeeman term has been neglected. In Eq. (11) the molecular Cartesian coordinate system (x\ y', z') is used in which the a proton hyperfine tensor is diagonal. This right-handed coordinate system is assumed to bear the same relation to the geometry of the ester radical as it does to that of the corresponding carboxylic acid radical16 (Fig. 2 ).
In our model, the molecular y' axis is approximately parallel to the c axis (tubular axis) of the urea com pound. If we consider frequencies of motion in a plane perpendicular to the c axis sufficiently large to produce an isotopic a-proton splitting in that plane, and assume further that all orientations of x' and z' in that plane are equally likely, then Eq. (13) reduces to the axially symmetric form
K^hDSsI^+hDS^Iz.+hCSyJy,,
D=(A+B)/2.
Using Eq. (14) in place of Eq. (13) and assuming that the anisotropy of g is small, the a-proton coupling constant, a", as a function of the angle, $, between the magnetic field vector and the crystalline c axis is16
Furthermore, the isotropic value a0a is <*f = l(A+B+C)=i(2D+C).
If the motion is not of sufficient amplitude or fre quency to justify the use of Eq. (12), then the ESR spectra perpendicular to the c axis will be anisotropic and asymmetric. However, because of the crystal sym metry, the ESR spectra recorded with the magnetic field parallel to the crystalline c axis will remain sym metric even in the absence of molecular motion. It may be noted that since the/3-proton coupling constant is a function of the motion about the C2-C3 bond and the a-proton coupling constant is a function of the orientation of the C2-Ha bond with respect to the crystal coordinate system, the ESR data gives infor mation regarding both the internal motion of the rad ical and motion of the radical with respect to the laboratory coordinate system. During the preliminary identification of radicals, the chemicals used were purified by distillation or recrystallization. For the majority of the work, standard commercial grade chemicals were used. Crystals of all of the acid and ester urea inclusion compounds used to obtain the data of Table I and Fig. 5 were grown from methanol by slow evaporation. A few crystals of some of the compounds were also grown from ethyl alcohol and from isopropyl alcohol, and yielded the same ESR spectra as the crystals grown from methanol. Thus, although the possibility that solvent molecules are present in the crystals has not been eliminated, if present, their effects on the ESR spectra appear to be negligible.
The crystals were obtained in the form of hexagonal needles (angles measured to ±15'). The z axis of the crystalline coordinate system is defined to lie along the needle axis of the urea compound. It will not be necessary to specify the x and y axes other than that they lie in a plane perpendicular to the z axis, and hence perpendicular to the basalplane. The morphology of these compounds is the same as that of the hexagonal hexadecane-urea adduct, and this fact suggests that all of these compounds have hexagonal crystal struc tures and that the z axis lies along the crystalline c axis. This point is considered later in connection with the low-temperature ESR data for the x-irradiated ethyl heptanoate-urea crystal.
The crystals were subjected to 30-kV x rays from a Machlett AEG-505 x-ray tube for two to ten hours at room temperature. A Varian X-band spectrometer was used to obtain the ESR data, and the modulation amplitude was approximately 1 Mc/sec. Crystals stud ied at room temperature were mounted on a Teflon plug in the microwave cavity with the aid of a micro scope. An average of several spectra of three or more crystals was used to obtain each value reported in Table I . The crystals were mounted in a metal Dewar system to obtain spectra recorded below room tem perature and they were placed in a heated gas-flow system for temperatures above room temperature. The uncertainty in temperature measurements decreased from ±3°K near liquid-helium temperatures to ±1°K above 30°K, and all temperatures listed without an uncertainty may be taken to be ±1°K. Peroxylamine disulphonate and diphenylpicrylhydrazyl (solvent-free DPPH, Eastman Company) were used for the scan calibration and g-value standard, respectively. The total width of the peroxylamine disulphonate spectrum was taken to be 72.9 Mc/sec31 (26.0 G) and the g value of DPPH as 2.0036.32 For any given urea com pound, the major features of the ESR spectra were independent of the source and purity of the chemicals, b The radicalsare those formedby the removal of onea proton from the parent compound.
• a", af,atare the coupling constants for the a proton and two fi protons, respectively, and xy and 1denote the spectra recorded with the magnetic field in the There was nothing unusual about these over lapped spectra and the a-and /3-proton coupling constants were in the same range as those reported in Table I .The decanoic acid radical, for example, gave a four-line 2spectrum of approximate (but not exact) intensity ratio 1:3:3:1, which is due to three nearly equivalent protons [o~s(252)Mc/sec].
eThe radical derived from octyl propionate exhibits three magnetically equivalent /3 protons (at=af=af).
the ratio of the hydrocarbon derivative to urea in the alcohol solution, and the length of time the crystals were x irradiated. The resolution of the proton split tings depended slightly on the history of the crystal, but this variation was not given any further study. For each of the urea inclusion compounds reported in Table I , the room-temperature spectrum recorded with the magnetic field in the crystalline xy plane remained unchanged as the crystal was rotated about the z axis. Otherwise, the ESR spectra were aniso tropic with respect to arbitraryrotations of the crystal.
IDENTIFICATION OF THE ESTER RADICALS
The room-temperature (298°K) ESR spectra of the x-irradiated ethyl-hyptanoate-urea crystal are shown in Fig. 3 , where xy and z indicate that the magnetic field is perpendicular or parallel, respectively, to the z axis of the crystal. The proton coupling constants obtained from those and other room-temperature spec tra are given in Table I . The room-temperature ethyl heptanoate-urea spectrum for the xy orientation clearly The a-and /3-proton coupling constant assignments are given in Table I . The small coupling constants are due to the f-protons,33 and splittings due to the y protons are not observed. As expected, the a-proton coupling constants exhibit large anisotropies. These anisotropies were examined in detail for the systems ethyl-heptanoate-urea and octyl-propionate-urea at room temperature. If D is taken to be axya and C is taken to be a,", Eq. (15) reproduces the anisotropy within experimental error for all values of the angle $ (for the limits of experi mental errors see Table I ). In contrast, and again as expected, the /3-proton coupling constants are very The two values differ because of the anisotropy of the /3-proton coupling constants. Only the product and not the individual values of p,» and 5°(CH3) are deter mined from these data. (To avoid unnecessary sub scripts, the spin densities on Carbon Atom 2 of all radicals are written simply as p"\ This does not imply that all of the spin densities are equal, although evi dence for this equality is presented later, and each value of p"T is to be identified with the particular radical being considered.)
In the case of the ethyl heptanoate radical, the two 0 protons are also equivalent, but it is not possible to determine from the room-temperature data whether thisis due to stationary equivalent 30°or 60°positions, (Fig. 2) . The /3-proton cou pling constants of these radicals are discussed further below.
TEMPERATURE VARIATIONS OF THE ETHYL
HEPTANOATE RADICAL SPECTRA X-irradiated single crystals of the ethyl-heptanoateurea compound were investigated at temperatures above and below room temperature. The spectra at elevated temperatures for both the xy and z orienta tions were similar to the room-temperature spectra.
The intensities of the spectra decreased markedly above 345°K, and the highest temperature for which spectra were recorded was 352°K. Below room tem perature, spectra were recorded down to 7°±3°K, and a few of these spectra are given in Fig. 3 . The xy spectrum gradually changed from a six-line to an eightline spectrum, and the eight lines became unsymmetrical at lower temperatures (~150°K) due to incom plete averaging of the six orientations of the radical.
Rotation of the crystal about the z axis, while main taining the magnetic field in the1 xy plane, produced marked changes in the spectra at 77°K. The features of the spectra were reproducible at intervals of about 60°and at no other angles. This data supports the assumption that the crystal structure is hexagonal and going from 7°±3°K to 298°K, and axy" remained un changed over the range 298°to 150°K. Three effects which in principle could change the value of a" with a change in temperature are: (1) a change in the value of pc* due to motion about the d-C2 bond, (2) motion of the a proton in the xz or yz planes, and (3) reorien tation of the molecule with respect to the crystalline z axis. Barring the highly unlikely cancellation of these effects, one may conclude that pc* is independent oft emperature, that the molecular motion (at frequen-fF cies greater than the hyperfine frequency) of the a proton occurs primarily in the xy plane, and that there are no major reorientations of the molecular axes with respect to the crystalline z axis over the temperature range investigated. Since the unpaired spin density is largely localized on Carbon Atom 2, motion about the Ci-C2 bond would not be expected to have a large effect on pcr, and therefore no conclusions about this motion may be drawn from the above data.
The /3-proton coupling constant data over the range 7°±3°to 250°K is presented in Fig. 5 . Above 250°K the values of a*/ and a/ decreased gradually to the room-temperature values, a change of approximately 1 to 3 Mc/sec in 50°K. The two sets of curves in Fig. 5 would, of course, coincide if the /3-proton hyperfine interaction were completely isotropic. Below 250°K the /3 protons became magnetically nonequivalent, causing the gradual transition from a six-to an eightline spectrum. Using the same arguments as for the methyl octanoate radical room-temperature data, it is found that Eq. Preliminary spectra of the octyl propionate radical have also been recorded over the temperature range 298°to 7°±3°K. As in the case of the ethyl heptanoate radical, a," is independent of temperature. However, the methyl group of the octyl propionate radical is apparently still undergoing rotation or large amplitude oscillations at 7°±3°K. This behavior is similar to that reported for the CH3C(COOH)2 radical, which is formed by the x irradiation of methylmalonic acid.28
DISCUSSION OF THE ROOM-TEMPERATURE ESTER RADICAL SPECTRA
In addition to ethyl heptanoate, octyl propionate, and methyl octanoate, several other esters were investi gated at room temperature. After x irradiation, each of these systems exhibited the radical formed by the removal of one a proton from the ester molecule. The f-proton coupling constants were resolved in the z spectra of several ester radicals, and they ranged from 3 to 6 Mc/sec. The a-and /3-proton coupling-constant data are summarized in experimental accuracy, all of the ester radicals have the same values of az" and axya. This suggests that all of the ester radicals have the same spin density, pcT, and the same orientation of the a proton with respect to the crystalline z axis.
Of the ester radicals reported in Table I , only those derived from ethyl heptanoate, octyl propionate, and diethyl adipate exhibit magnetically equivalent /3 pro tons, and the coupling constants are the same for all three radicals. Therefore, as in the case of the ethyl heptanoate and octyl propionate radicals, the /3 protons of the diethyl adipate radical are undergoing complete averaging as given by Eq. (5). The radicals derived from either ethyl nonanoate, ethyl decanoate, or ethyl dodecanoate have two /3-proton coupling constants that differ by only a few megacycles, and therefore the spectra are not completely resolved. However, the sum of the two coupling constants, axy\* and axy2g, is easily measured to within 2 Mc/sec, and in Table I the values of these coupling constants are listed as approximately one-half of this sum. The fact that the /3-proton coupling constants are nearly equal to those of the ethyl heptanoate radical implies that oscillations about the C2-C3 bonds in these three radicals are of nearly the same amplitude as in the ethyl heptanoate radical.
For the remainder of the ester radicals listed in Table I , the two /3-proton coupling constants differ sufficiently to produce well-resolved eight-line spectra, and it is again found that Eq. (3) and not (4) leads to acceptable values of B'. From Eq. (17) and the data of Table I, 
In Eq. (18), both angles yield the same value of pfB. The value of p/A is determined from Eq. (lOd), pcTB, and a known value of p/5°(CH2). Since p/ is appar ently a constant, the value of p/5°(CH2) is the same for all ester radicals having two /3 protons, and is approximately the same as that of p/iS0 (CH3). Here we will take the value of pc*BXy°to be 131 Mc/sec. Upon substituting pa*A, pcTB, and the two angles into Eq. (10), only one of the two angles yields the ex perimentally observed /3-proton coupling constants and the other angle is discarded. By this procedure, the values of 7 for ethyl hexanoate, ethyl octanoate, ethyl undecanoate, methyl octanoate, and hexyl octa noate are determined to be 30°, 10°, 15°, 15°, and 45°, respectively (all angles ±8°). These angles may be compared to the values of 7', 4°, 3°, 4°, 7°, and 6°, respectively, obtained for the same radicals from
The amplitudes of oscillation about the C2-C3 bonds may be estimated with the above values of 7 and Eq. (6) or Eq. (7). Since the oscillations are large, Eq. (6) and not Eq. (7) is used here, although it may be noted that the equations give the same result for small angles. For instance, taking B°and 7 to be 131 Mc/sec and 22°, the two values of (Ri(6)) and of (Ri(6)) obtained from Eqs. (6) and (7) differ by only 5% and 2.5%, respectively, for an oscillation am plitude of 30°. Using Eq. (6), the amplitudes of oscilla tion for the above six radicals fall in the range of 70°t o 80°. By the same equation, the values of a of the other ester radicals are at least 80°to 90°, and there fore there exists large amplitudes of oscillation about the C2-C3bonds of all ester radicals reported in Table I. By this point it is obvious that the assumption of a time average planar zigzag conformation of the ester radicals is an approximation. For such a conforma tion, 7 would be zero and the equilibrium angle 0O of the two |8 protons would be 30°. The angles of twist for the radicals exhibiting magnetically equivalent (or nearly equivalent) /3 protons cannot be obtained from the ESR data. However, the room-temperature values of 7 for the six ester radicals exhibiting eight resolved lines, and the low-temperature value of 7 for the ethyl heptanoate radical are significant. Considering the constraints imposed by the van der Waals radius of the tubular cavity, this implies twisting about other bonds besides the C2-C3 bond. From Fig. 1 , or by use of molecular models, it is seen that a molecule with an angle or twist about the C2-C3 bond is most easily accommodated by the tubular cavity if there exist
also similar out-of-plane adjustments in adjacent bonds of the ester molecule. (This same argument applies to oscillations about the C2-C3 bond since a cooperative motion is required in order to achieve the large ampli tude oscillations of the /3 protons.) It is clear, how ever, that all radicals in a given ester-urea compound have approximately the same angle of twist 7 and the same degree of molecular motion. Otherwise the ESR spectra would be a superposition of lines from each nonequivalent radical, and the spectra would be com plex.87 Of course, whether or not the undamaged mole cules exist in a time average planar zigzag configuration cannot be determined from the ESR data.
CARBOXYLIC ACID-UREA INCLUSION COMPOUNDS
Of the two acids investigated, one (decanoic acid) is a monocarboxylic acid, and the other (sebacic acid) is a dicarboxylic acid. The radicals produced by x irradiation of these acid-urea crystals are Table I . The van der Waalsradius of the tubular cavity is necessarily nonuniform, and it is tempting to suggest that this is related to the differences in the angles of twist of the ester radicals. However, the lengths of the ester molecules are not, in general, integral multiples of the urea spiral repeat distance, and therefore the positions of the urea molecules relative to the C2-C3 bonds would not be expected to be identical for all ester radicals of a given crystal. Thus, one might expect that if the In all of these arguments we are, of course, ignoring the remote possibility that although all stable radicals in one crystal have a given conformation, thereexist otherconformations corresponding to radicals which are unstable and are therefore not observed.
Others have observed deviations from planar zigzag conforma tions. Smith7 has found that in the »-hexadecane-urea crystal the hydrocarbon chain length is slightly shorter than that calculated for an extended planar configuration. This is supported by the observation that the urea/hydrocarbon ratio for this crystal is lower than expected for an extended planar configuration.1'6'7 However, Smith7 found that two other compounds, w-dodecane and decamethylene dibromide, do exist in planar extended zigzag configurations in the urea inclusion compounds.
ESR spectra are given in Fig. 6 . The above sebacic acid radical has also been found in x-irradiated single crys tals of sebacic acid,38 and this general type of radical has been observed in many other crystalline dicar boxylic acids.13-16 The above two carboxylic acid radi cals are briefly investigated here primarily as a test of the model chosen to represent the radicals in the urea inclusion compounds. The a-proton coupling con stants of the acid radicals are given in Table I, and are approximately the same as those of the ester radicals. As with the esters, taking D to be axya and C to be at", Eq. (15) The aza and axya of the acid radicals are approxi mately equal to those of the ester radicals (Table I) . This is an indication that the spin densities p/ and the orientations of the radicals with respect to the molecular z axis are approximately the same for the acid and ester radicals. The value of p* is nearly unity, aoa=QpcT, where Qis a constant.19'20 The fact that p/ is nearly unity in the case of the carboxyl radicals has already been established.16) Although no detailed temperature investigations of the acid spectra were undertaken, the spectra of both acid radicals changed gradually and reversibly with temperature. Splittings due to the carboxyl proton or the 7 protons were not resolved in any spectrum of either acid radical. 
SPECTROSCOPIC SPLITTING-FACTOR DATA
The g values of the ester radicals reported in Table I are identical within experimental error. The averages of the values measured with the magnetic field in the crystalline xy and z directions are g(xy) = 2.0031 and g(z) = 2.0036, respectively. The values of the two acid radicals are also the same and are given by g(xy) = 2.0025 and g(z)=2.0041. The experimental uncer tainty in all g-value measurements is ±0.0003 (rela tive to the g value assumed for DPPH). As in the case of most organic free radicals, the anisotropy of the g value is small, and therefore the electron spin vector is aligned along the magnetic field direction.
This was assumed in calculating the proton coupling | constants from the ESR data. *• It is desirable to relate the measured g-value data
to the isotropic g value go.
It cannot be assumed that the principal elements of the g tensor correspond to the molecular x', y', z' directions. (The minimum ele ment evidently lies along the z' direction.14'44) How ever, we have shown that the large amplitude motions of the molecular x' and z' axes occur in the crystalline xy plane. For this situation the isotropic g value is given to a good approximation by the relation go\ [2g{xy)-\-g{z)~\, regardless of the orientations of the principal values of the g tensor in the molecular co ordinate system. From this formula and the above data, go for the ester and acid radicals are 2.0033 and 2.0030, respectively. These values of g0 are essentially identical to those reported for the adipic acid radical (2.0031) and the succinic acid radical (2.0030). (gvalue data have not been reported for the sebacic acid radical produced in crystalline sebacic acid.)
SUMMARY
The long-lived free radicals observed in all of the aliphatic ester-urea crystals investigated were of the type RCH2CHCOOR'. These radicals are similar to the well-known free radicals produced in x-irradiated dicarboxylic acids, except that the splittings due to the alcohol protons (of R') are present in the ESR spectra of the ester radicals. These previously unob served splittings provide evidence that a small frac tion of the unpaired spin density is distributed on the carboxyl group of the ester radical. The roomtemperature study of the ester radicals shows that (a) the orientation of the axis of the 2p orbital on C2
with respect to the crystalline c axis (tubular axis) is the same for all radicals studied; (b) there exist mo tions of the a and /3 protons at frequencies greater than 10-100 Mc/sec; (c) the amplitude of the a-proton motion in a plane perpendicular to the c axis is greater than £^80°, and the anisotropy of the a-proton cou pling constant is adequately described by an axially symmetric spin Hamiltonian; (d) the amplitudes of oscillation of the /3-protons with respect to the a pro tons are large for all ester radicals, but the /3-proton positions are completely averaged only for a few of the radicals studied; (e) there exist significant devia tions from time-average planar zigzag configurations in many ester radicals (causing nonequivalence of the /8 protons); and (f) all radicals of a given ester-urea crystal have the same time-average configuration and approximately the same degree of molecular motion (indicating a high degree of order in the ester-urea crystals). In addition to the room-temperature study of the eleven ester radicals, the ethyl heptanoate radical was 44 H. M. McConnell and R. E. Robertson, J. Phys. Chem. 61, 1018 (1957) . also investigated over the temperature range 352°to 7°±3°K, and it was found that (a) over this range there is no significant reorientation of the axis of the 2p orbital on C2 with respect to the crystalline c axis;
(b) the a-proton motion occurs primarily in a plane perpendicular to the c axis; (c) the /3-proton angle of twist is approximately independent of temperature over the range 130°to 7°±3°K; (d) the large ampli tude oscillations about the C2-C3 bonds decrease con tinuously with decreasing temperature; and (e) both the anisotropy of the low-temperature ESR spectra and the morphology of the crystals suggest that the ester-urea crystals have hexagonal structures. All tem perature effects are reversible. Considering the con straints imposed by the tubular cavities, the large amplitude oscillations about the C2-C3 bonds strongly suggest that the intramolecular motions of the ester radicals are cooperative.
Two acid-urea crystals, decanoic-acid-urea and sebacic-acid-urea were also studied, and the ESR data showed that (a) the long-lived radicals are of the type RCH2CHCOOH; (b) the acid radical aproton motion and orientation are similar to the ester radical motion and orientation; and (c) there exists motion of the /3 protons of similar frequency (i.e., above 10-100 Mc/sec) but much lower amplitude than in the ester radicals. This decrease in motion is evi dently caused by hydrogen bonds involving the car boxyl protons of the acid radicals. For both the acid and ester radicals, one may obtain the approximate values for one a-proton hyperfine (principal) tensor element, the average of the other two elements, the isotropic a-proton coupling constant, and the isotropic g value g0.
Note added in proof: It has come to our attention that Radell and Connolly [J. Radell and J. W. Connoly, Advan. X-Ray Anal. 4, 140 (I960)] have investi gated several ester-urea inclusion compounds by x-ray powder diffraction techniques and report that the esterurea compounds have hexagonal crystal structures. This observation supports our assumptions regarding the orientations of the ester molecules in the urea lattice and is in agreement with the ESR results re ported above.
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